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CYCLIC CREEP-RUPTURE BEHAVIOR OF THREE 

HIGH-TEMPERATURE ALLOYS 

by Gary R. Hal ford 

Lewis Research Center  

SUMMARY 

Some important characterist ics of the cyclic creep -rupture curves have been studied 
for  the titanium alloy 6A1-2Sn-4Zr-2Mo at 900' m d  l l O O o  F (755 and 865 K), the cobalt- 
base alloy L-605 at 1180' F (910 K), and for two hardness levels of 316 stainless s teel  
at 1300' F (980 K). Such curves have been used successfully in a previous investigation 
for  the evaluation and prediction of strain-cycling life at elevated temperatures within 
the creep range. The cyclic creep-rupture curve relates tensile stress and tensile t ime- 
to-rupture for strain-limited cyclic loading and has been found to  be independent of the 
total strain range and the level of compressive s t r e s s  employed in the cyclic creep- 
rupture tests.  Thus, the cyclic creep-rupture curve represents not only a useful, but a 
unique , failure criterion for  strain-limited, cyclic loading. 

The cyclic creep-rupture curve was always found to  be above and to the right of the 
conventional (constant load) monotonic creep-rupture curve by factors ranging from 2 to  
20 in time-to-rupture. 

The phenomenon was most pronounced at the highest stress levels and when the tensile 
and compressive s t resses  were completely reversed. 

In general, creep rates were found to be lower in compression than in tension for 
equal t rue s t resses .  The differences, however, were strongly material dependent. 

This factor tends to be greatest when the creep ductility is large. 
Cyclic creep acceleration was observed in every cyclic creep-rupture test  conducted. 

INTRODUCTION 

Over the past few years ,  we at the Lewis Research Center have been developing 
methods for  analyzing and predicting the resistance of materials to  failure by cyclic 
loading at elevated temperatures in the high-strain, low-cycle range (refs. 1 to  6). The 
t e rm failure by cyclic loading is used instead of fatigue since, as is often the case, 



failures encountered at high-temperature bear little o r  no resemblance t o  classical fa- 
tigue failures. 

Instead of being transgranular,  cracks frequently follow grain boundaries - a mech- 
anism of failure normally associated with creep-rupture. In fact, the procedure €or life 
analysis and prediction that we have found to  be the most promising to date is based on 
the supposition that failures are governed by the accumulation of cyclic creep-rupture 
damage at the one extreme o r  by the accumulation of fatigue damage at the other (paper 
by S. Manson, G. Halford, and D. Spera of Lewis Research Center to be published in the 
A. E. Johnson Memorial Volume; A. S. Smith, ed. ; Elsevier Publishing Company Ltd.). 
In general, the failures result  from some combination of these two damaging mechanisms, 
depending on the specific combination of imposed stress, s t ra in ,  and temperature, and 
on their  respective t ime rates of change. A simple linear creep - fatigue-damage rule 
as proposed by Tai ra  (ref. 7) is used as a vehicle for evaluating the relative contributions 
of each damaging mechanism. Fatigue damage is represented by cycle ratios as suggest- 
ed by Palmgren (ref. 8), Langer (ref. 9), and Miner (ref. 10). Manson's equation of 
universal slopes (ref. 11) is used to  determine the pure fatigue failure criterion. Creep- 
rupture damage is represented by time ratios,  as suggested by Robinson (ref. 12). The 
cyclic creep-rupture curve is used as the pure creep-rupture failure criterion. Failure 
is predicted to occur when the sum of the cycle and t ime ratios accumulates to unity. 

as yet been adequately substantiated. Specifically, it was assumed that the strain-limited, 
cyclic creep-rupture curve used in creep-damage evaluation is independent of both the 
s t ra in  range and the compressive s t r e s s  levels employed in the cyclic creep-rupture 
tes ts .  Critical experiments have been conceived and results obtained that were used to  
check the validity of these assumptions. A rather complete ser ies  of cyclic creep-rupture 
tests were performed on two hardness levels of 316 stainless steel  at 1300' F (980 K). 
Limited test results were also obtained for the high-temperature titanium alloy 6A1-2Sn- 
4Zr-2Mo at 900' and l l O O o  F (755 and 865 K) and for  the cobalt-base alloy L-605 at 
1180' F (910 K). 

plications. 

When this procedure was first proposed, a few assumptions were made that had not 

This report presents and discusses these cyclic creep-rupture results and their  im-  

BACKGROUND 

The need for a cyclic creep-rupture curve a rose  out of a study by Manson, Halford, 
and Spera of the role of creep in elevated-temperature, low-cycle fatigue testing con- 
ducted under strain-controlled conditions. It was recognized that some form of creep- 
rupture failure criterion was required to  explain the frequency and temperature depend- 
ence of strain-cycling failures experienced by specimens of L-605 and 316 stainless 
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steel. Looking first to  the conventional (constant load), monotonic, creep-rupture curve 
as a possible stress-time-dependent failure criterion, it was found that cyclic lives 
could be predicted correctly only from a qualitative standpoint. Computed lives in some 
cases were significantly lower than observed, indicating that such a failure criterion is 
too severe and at best can be used as a lower bound on life (refs. 5 and 6). This result ,  
although not initially obvious, can be rationalized as follows: during a constant-load 
rupture test, the cross-sectional area decreases as the specimen creeps. The t rue 
stress experienced by the material  in  the tes t  section therefore steadily increases as 
time progresses.  Also, as the net strain in the specimen becomes larger ,  cavities and 
small  cracks can open up, thus further reducing the load-carrying area.  In addition to  
these impositions upon the material  that tend t o  promote ear ly  failure, a necking insta- 
bility may also set in, thus climaxing a truly severe test of a material’s resistance t o  
failure under creep s t resses .  The degree of severity would be expected to be the great- 
es t  for materials with high creep ductility. 

A more realistic rupture test was therefore required that would a s ses s  a material’s 
creep-rupture resistance during constrained cyclic loading, wherein these factors are 
not present. A cyclic creep-rupture test  was proposed. In this tes t ,  alternate tensile 
and compressive loads are applied while the specimen creeps between fixed strain limits. 
This test satisfies the preceding requirements provided the test  results are indeed 
s t ress- t ime dependent and a r e  therefore independent of the magnitude of the strain range 
employed. Furthermore,  any alterations in the  metallurgical structure indigenous to 
reversed inelastic deformation would be reflected in a cyclic creep-rupture test ,  but not 
in a monotonic one. 

DlTAILS OF EXPERIMENT 

Specimens and  Apparatus 

All the specimens tested in this program were machined from 0.75-inch- (19-mm-) 
diameter bar  stock. Three specimen configurations were employed. Tensile tes t s  were 
conducted on solid, hourglass specimens of 0.25-inch (6. 3-mm) diameter. Some of the 
monotonic creep-rupture tes t s  were performed on specimens with a 0.25-inch- (6.3- 
mm-) diameter and 1.5-inch- (38-mm-) long cylindrical test section. The remainder of 
the monotonic creep-rupture tes t s  and all the cyclic tests were conducted on tubular 
specimens with an hourglass test section. The specimens and details of the cycling 
apparatus are fully described in reference 13 and therefore are only briefly mentioned 
herein. For the cyclic tests, thermocouples were spot welded near the minimum test 
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section and used t o  control the specimen temperature. Heat was supplied by an inter-  
nally mounted, silicon carbide heating element. 
diametral extensometer with a linear variable differential transformer (LVDT) sensor,  
and loads detected by an LVDT-instrumented proving ring that was loaded in series with 
the test specimen. Loads were applied by a closed-loop, servocontrolled hydraulic 
cylinder. Throughout the cyclic tests, temperature and load were closed-loop controlled, 
while the s t ra in  was limit controlled. 

Cyclic s t ra ins  were monitored by a 

Mater ia ls  and Test Temperatures 

Two hardness levels of 316 stainless steel  were tested at 1300' F (980 K). The 
softer material  (RB = 86 to  87) is referred to  as fully annealed, whereas the harder ma-  
terial (RB = 95 to 96) is termed partially annealed. A cobalt-base alloy, L-605, was 
tested at  1180' F (910 K) in the unaged, solution-annealed condition. Tests  were also 
performed at 900' and l l O O o  F (755 and 865 K) on a high-temperature, titanium-base 
alloy, 6A1-2Sn-4Zr-2Mo. This material  was tested in  the duplex-annealed condition 
achieved by the heat treatment schedule: 1675' F (1185 K) for  1/2 hour, air cooled; 
l l O O o  F (865 K) for  8 hours, air cooled. 

(ref. 11) are listed in table I for the materials and tes t  temperatures used. All tests 
were performed in a still-air environment. 

Short-time tensile properties and the coefficients in the universal slopes equation 

Test P rocedu r e  

Cyclic creep-rupture tes t s  were conducted in the manner shown schematically in 
figure 1. Once the desired test temperature had been reached, a tensile load (A) was 
applied and held constant while the specimen crept. The s t ra in  signal was continuously 
monitored. Upon reaching a preset tensile s t ra in  limit (B), the specimen was loaded in 
compression to  an amount equal to  the original tensile load (C). Generally a couple of 
seconds were spent in  transferring the full load from one direction to the other. Once 
the full compressive load had been achieved, it was held constant while the specimen 
crept in compression back past zero  strain (D) and finally to  a preset compressive strain 
limit (E) equal in  magnitude to the original tensile s t ra in  limit. Thereupon, the previous 
tensile load was reapplied (F). This sequence was continuously repeated until the speci- 
men ruptured into two pieces. 

resistance of the material. 
The cycling frequency was not programmed, but instead was dictated by the creep 

For example, as the creep rates increased, the test fre- 
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quency increased. The s t ra in  and load were generally recorded as functions of time. A 
schematic example of how these curves appeared is shown in the right -hand portion of 
figure 1. The elapsed total time and the t ime spent under the tensile stress were re- 
corded, together with the number of cycles to  failure. 

sive s t r e s ses  by first introducing a mean load. 

sented. 

The preceding test procedure was altered to allow for unequal tensile and compres- 

The specific test conditions are indicated as the results for each material  are pre-  

Construction of Cyclic Creep-Rupture Curves 

The cyclic creep-rupture curves were constructed by plotting the tensile value of 
the cyclic creep stress against the "pure" tensile time-to-rupture for  tests performed 
at several  different tensile stress levels. The pure tensile time-to-rupture tr was 
calculated from the measured tensile time-to-rupture t in accordance with the linear 
creep - fatigue-damage summation law (ref. 7): 

where the cycle ratio N/Nf is the unavoidable fatigue damage that accrues by virtue of 
the application of N strain cycles. Manson's equation of universal slopes (ref. 11) was 
used to determine the "pure" fatigue life Nf for an imposed total s t ra in  range A €  : 

3 . 5  Bu 

E 
-0.12 + DO. 6 (Nf)-O. 6 

A€ = "1 

where D ~ ,  E, and D are, respectively, the ultimate tensile strength, the modulus of 
elasticity, and the t rue fracture ductility as determined from the reduction of area. 
These properties were determined at the temperatures of interest  from tensile tests at 
conventional s t ra in  rates. 

The corrections made for  fatigue damage in accordance with equation (1) did not 
significantly influence the positions of the cyclic creep-rupture curves shown in this re- 
port ,  since creep was the dominant damaging mechanism. However, this need not al- 
ways be the case when other test conditions and materials are involved. 

In calculating the pure tensile time-to-rupture according to equation (l), the mag- 
nitude of the compressive stress and its duration were ignored. Furthermore, the value 
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of the s t ra in  range was assumed to  be of importance only from the standpoint of per-  
mitting the calculation of the inherent fatigue damage. Justification of these actions 
forms the basis of this report. 

RESULTS AND DISCUSSION 

Monotonic  and Cycl ic Creep-Rupture Curves 

The cyclic creep-rupture curve of a material  can be significantly above and to  the 
right of the corresponding conventional (constant load) , monotonic creep-rupture curve , 
as indicated in figures 2(a) to (d). 

creep-rupture curves for  the titanium alloy 6A1-2Sn-4Zr-2Mo. As shown in table 11, all 
the cyclic tes ts  on this material  were conducted at a nominal total s t ra in  range of 4 per -  
cent. 

The cyclic creep-rupture lives based on pure tensile time-to-rupture for  a given 
tensile stress a r e  about 10 t imes greater  than the corresponding monotonic lives. Had 
the additional t ime spent under the compressive s t r e s s  been retained when plotting the 
cyclic time -to-rupture, the difference between the monotonic and cyclic rupture t imes 
would be a factor of 20. The additional factor of 2 a r i s e s  since the tensile and com- 
pressive creep rates are approximately equal for  this material  and, hence, the t imes 
spent in compression and in tension are approximately equal. The large differences be- 
tween the cyclic and monotonic rupture curves are attributed to  the high monotonic creep- 
rupture ductility (as indicated by the 60 to 90 percent reduction of area)  of this material. 
This is consistent with the expectation that the severity of the monotonic tes t  increases 
with increasing creep ductility, as was pointed out in the BACKGROUND section. 

Cobalt-base alloy L-605. - Cyclic and monotonic creep-rupture results for  the 
cobalt-base alloy L-605 a r e  listed in table III and shown in figure 2(b). A 2-percent total 
strain range was employed except at the 70-ksi (485-MN/m ) stress level, where a 
0.9-percent range was used instead. Note the extremely low fatigue damage associated 
with these tes ts  (N/Nf = 0.003 to  0.025). The differences in life between the conventional 
monotonic curve and the curve based on total cyclic t ime (tension plus compression) is 
also a factor of 20 for  this material. However, the elapsed t ime spent under the tensile 
stress was only one-tenth the time spent under the equal compressive stress, because 
the compressive creep rates  were only one-tenth the tensile creep rates.  As a result, 
the cyclic (pure tensile time) and monotonic creep-rupture curves differ by only a factor 
of 2. This small  difference should be expected considering the low creep ductility of 
this material. The creep ductility is low because of the significant strain-age hardening 

Titanium alloy 6A1-2Sn-4Zr-2Mo. - Figure 2(a) shows the monotonic and cyclic 
I_ 

2 
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that occurs in the creep-rupture tests. For example, in the cyclic creep-rupture tests, 
it was necessary to  harden the material  to the high stress levels shown in figure 2(b) by 
applying a few (two to five) s t ra in  cycles. Monotonic creep-rupture tes t s  were subse- 
quently performed on specimens subjected to this hardening procedure. A 10- to 14- 
percent reduction of area was observed, which is significantly below the 47-percent re-  
duction of area measured for  this material  in a conventional tensile test  (table I). 

Partially annealed 316 . stainless _______ steel. - A comparison of the cyclic and monotonic 
creep-rupture results for  the partially annealed 316 stainless steel  is shown in fig- 
u re  2(c). As would be expected from the high monotonic creep-rupture ductility (approxi 
mately 75-percent reduction of area), there is a significantly large difference between 
the cyclic and conventional monotonic creep-rupture curves. 
sents the average time-to-rupture of all data available at the indicated stress (see 
table IV). Geometric mean values (arithmetic average of the logarithms) were used. As 
is pointed out in the section Effect of Strain Range, there  is no significant difference be- 

~ -- ~ 

Each plotted point repre- 

- 

tween the results at the different s t ra in  ranges and, hence, the averaging process is 
justifiable. In the cyclic tests, the time spent in tension was found to be only about four- 
tenths the amount spent under compression. 

control. In these tests, diametral  s t ra in  was monitored and used to  compute the in- 
stantaneous cross-sectional a r e a  at the minimum test  section. The creep load was then 
manually decreased with t ime to maintain an approximately constant t rue stress. Since 
these tests were conducted on tubular specimens, however, i t  was not possible to control 
the t rue stress beyond the point of tensile necking instability. 

From these preliminary results,  it appears that the monotonic (constant t rue s t ress ) ,  
creep-rupture curve may be approximately coincident with the cyclic (pure tensile time), 
creep-rupture curve and could possibly be used in its place. Swindeman (ref. 14) 
arrived at a somewhat s imilar  conclusion based on results with Inconel at 1500' F 
(1090 K). H i s  results indicated that, "if constant stress, stress-rupture data a r e  com- 
pared to low-cycle fatigue using the time under the tension s t r e s s ,  the data agree to  
within a factor of 2 on a time basis. 

is that the conventional, monotonic, creep-rupture curve is below the cyclic curve solely 
because the true stresses in the monotonic test  a r e  higher and not because of the accu- 
mulation of internal voids o r  cavities as net strain increases.  

. Fully -- - ._ annealed - 316 _ -  stainless steel. - The most extensive rupture data were gener- 
ated on the fully annealed 316 stainless steel. These are listed in table V. Figure 2(d) 
shows a comparison between the conventional monotonic and the cyclic creep-rupture 
curves. The difference in rupture time f o r  a given stress is strikingly large (between a 
factor of 5 and 20). This would be expected for a material  exhibiting high monotonic 

Also shown in figure 2(c) a r e  two test  results obtained under constant t rue stress 

If the cyclic and the t rue stress creep-rupture curves are identical, the implication 
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creep-rupture ductility (58- t o  77-percent reduction of area). As is discussed in the 
following sections, several  different strain ranges (0.8 to  4 percent) and levels of com- 
pressive stress (25 t o  45 ksi ;  170 to  310 MN/m ) were employed in generating these 
cyclic rupture results.  Each plotted point is based on the geometric mean of the pure 
tensile time-to-rupture of all tes t s  conducted at a given tensile s t r e s s ,  and represents 
from four to nine individual tests. For the cyclic creep-rupture tests with completely 
reversed s t r e s ses ,  it was observed that the t ime spent under the tensile stress was only 
four-tenths the amount spent under the compressive stress. This result is identical with 
that found for the partially annealed 316 stainless s teel  discussed in the preceding 
section. 

rupture curves, some additional comments regarding cyclic creep -rupture tests should 
be made. 

For a given total s t ra in  range, there  is a maximum stress above which a cyclic 
creep-rupture test  cannot be conducted. This stress is equal to  the flow stress which 
occurs at the selected total s t ra in  range. A cyclic test could only be run at a higher 
s t r e s s  by selecting a la rger  total s t ra in  range. There are also, as discussed later in 
this section, practical limitations on the maximum strain range that should be used. 

The cyclic creep-rupture curve should be expected to converge with the monotonic 
curve at short lives as the stress approaches the ultimate tensile strength. 

There would appear to be an economic limitation to  cyclic creep-rupture testing fo r  
long t imes,  since relatively expensive testing facilities would usually be involved. How- 
ever,  a recent Russian paper (ref. 15) describes a simple mechanical system capable of 
performing cyclic creep-rupture tes ts  in axial tension and compression. The author 
also constructed an inexpensive torsional cyclic creep-rupture machine a few years  ago 
(ref. 16). Hence, cyclic creep-rupture testing need not be economically prohibitive. 

2 

Before leaving the subject of comparison between the cyclic and the monotonic creep- 

Effect of Strain Range 

For the cyclic creep-rupture curve to be of practical  value, it must be a curve that 
expresses a unique relation between the cyclic creep stress and the time-to-rupture. 
The relation must therefore be independent of the cyclic s t ra in  range employed. Several 
series of tes t s  were performed to  check for this independence. In these tests, constant 
cyclic creep s t r e s ses  were maintained (both tensile and compressive) while the s t ra in  
range was varied from test  to test. One such ser ies  is shown schematically in figure 3. 
The 0.8-percent and 4-percent total strain ranges are considered to be practical ex- 
t remes  fo r  the materials of this investigation. At smaller  s t ra in  ranges, less of the 
total deformation is due to creep, and hence the exact deformation mechanism that should 
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be featured is subordinated. The absolute minimum strain range is the elastic s t ra in  
range, which of course leaves no room for  inelastic s t ra ins  of any sor t .  
ranges much greater than 4 percent, the t rue s t resses  that develop near the s t ra in  
limits begin t o  deviate from the nominal values by too great an extent. 
ranges may also introduce other undesirable effects, such as roughening of the surface 
o r  even local buckling. 

The effect of total s t ra in  range on the cyclic creep-rupture results is shown in fig- 
u re s  4(a) and (b) for the two hardness levels of 316 stainless steel. For the fully annealed 
material, there  appears to be a slight increase in tensile rupture time with increasing 
s t ra in  range. However, the reverse  is t rue for the partially annealed material  at the 
highest and lowest stresses. No real significance is assigned to  these differences in 
rupture time at the various strain ranges. These results a r e  therefore taken to demon- 
s t ra te  the general lack of dependence of the cyclic creep-rupture curve on the imposed 
total strain range. This interpretation is also confirmed by limited data obtained for  
L-605. The cyclic creep-rupture results (tensile time) shown in figure 2(b) were gener- 
ated at a strain range of 2 percent - with the exception of the 70-ksi (485-MN/m ) point, 
which w a s  run at a strain range of only 0.9 percent. This la t ter  point falls in line with 
the curve drawn through the remaining data points, thus further substantiating the inde- 
pendence of tensile rupture time with respect to  s t ra in  range. 

Since the cyclic creep-rupture curve is independent of the s t ra in  range, any con- 
venient practical range can be selected. It is therefore recommended that the s t ra in  
range be chosen large enough to permit the creep s t ra ins  to  be the dominant s t ra ins  in 
the cycle, yet not so  large that undesirable buckling or  surface roughening occurs. 

For total s t ra in  

Larger s t ra in  

2 

Effect of Compressive Stress 

One of the potentially important variables in a cyclic creep-rupture test is the mag- 
nitude of the compressive s t r e s s  employed. Since the cyclic creep-rupture curve relates 
only tensile stress to  tensile time-to-rupture, it should be independent of the compres- 
sive s t r e s s .  To check for  an effect of compressive s t r e s s ,  several  se r ies  of tes t s  were 
conducted that were patterned after those shown schematically in  figure 5. If there  is no 
effect of compressive stress, the tensile time-to-rupture should be constant for a speci- 
fied tensile stress. 

pure tensile rupture t ime is plotted against the cyclic compressive stress for four levels 
of tensile stress. The solid horizontal lines represent the geometric mean of all the 
tensile rupture t imes at the indicated tensile s t resses .  The results demonstrate a gen- 
eral lack of dependence on compressive stress. Although there  a r e  some deviations from 

Results a r e  presented in figure 6 for  the fully annealed 316 stainless steel. H e r e  the 
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the horizontal lines, these are assigned no real significance. 
A particularly attractive consequence of this finding is the savings in testing time 

that can be realized by using high s t r e s ses  in the compressive half of the cycle. 
Although the compressive stress has a negligible effect on the pure tensile time-to- 

rupture, it was found to  influence the tensile creep rates experienced at a given tensile 
stress. When the compressive stress was low, the tensile creep rate was high, and 
when the compressive stress was high, the tensile creep rate was low. An example of 
this behavior is presented in figure 7 for  fully annealed 316 stainless steel. The average 
tensile creep rate  (determined simply by dividing the total s t ra in  range of 4 percent by 
the tensile time of the cycle) for  a tensile s t r e s s  of 35 ksi (240 MN/m ) was evaluated on 
the 10th cycle for  tests with different compressive stresses. As shown in figure 7,  the 
tensile creep rate was a strong function of the compressive stress level employed. 

dicated by the nearly horizontal line drawn through the Compressive creep ra te  data 
shown in figure 8. The compressive stress was maintained at 35 ksi  (240 MN/m2) and 
the tensile stress was varied from test  to  test. The average compressive creep ra tes  
were also evaluated on the 10th cycle. 

f o r  a given tensile stress and yet a widely varying tensile creep rate  depending on com- 
pressive stress level, the number of cycles to failure was also found to  vary signifi- 
cantly. A careful examination of the cyclic life results in table V indicates that the cyclic 
life varies with compressive s t r e s s  in a systematic manner. For a given total strain 
range and tensile s t r e s s ,  the cyclic life decreases as the compressive s t r e s s  increases. 
Considering only the s t r e s ses  and the number of cycles to failure, the conclusion might 
be drawn that not only is compressive s t r e s s  damaging, but it is even more damaging 
than tensile stress. The fallacy of such an interpretation becomes apparent, however, 
when it is recognized that creep-rupture damage (time ratios) rather than fatigue damage 
(cycle ratios) was dominant in these tests. In the presence of high creep damage, the 
s t ra in  range and number of cycles to  failure is of little or no value as an indicator of 
total damage. As shown in table V, fo r  a strain range of 4 percent, cyclic lives varied 
from as low as 7 to as high as 130, depending systematically on the particular combin- 
ation of tensile and compressive s t resses .  These and the other results in table V clearly 
demonstrate a lack of correlation between total s t ra in  range and cycles to  failure, and 
hence further reinforce the contention that these results are indeed predominantly s t r e s s -  
time dependent. 

2 

A similar  effect of tensile stress on compressive creep rate was not found, as is in- 

As a direct  consequence of having an approximately constant tensile time -to-rupture 
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Accelerated Creep 

During the cyclic creep-rupture tes ts ,  both the tensile and compressive creep rates  
of all the materials investigated steadily increased after the first few applied cycles. 
This is in spite of the fact that one of the materials,  for  example, was in the fully 
annealed condition and might have been expected to harden as a result of cyclic loading. 
Evidence of cyclic increases in creep rates was first observed in torsion and reported 
by Morrow and Halford (ref. 16). The phenomenon has been termed "creep acceleration 
due to repeated s t r e s s  reversals.  Kitagawa (ref. 17) has more recently documented a 
grain boundary rotation mechanism that is believed to  be responsible for  creep accelera- 
tion in lead at room temperature. 

Figures 9 and 10 are plots of some typical results showing the acceleration of the 
average tensile creep rates with applied cycles f o r  the fully annealed 316 stainless steel. 
At the highest stresses, the creep rates  increased the most during the test .  As shown 
in figure 9,  the average tensile creep rates  for  *40 ksi  (275 MN/m ) increased by more 

2 than a factor of 30 from start to finish; whereas, f o r  the 525-ksi (170-MN/m ) stress, 
the increase was a more modest factor of 3. It was observed that when the tensile and 
compressive s t r e s ses  were completely reversed, the creep acceleration was greatest. 
One such example is shown in figure 9 ,  where comparison can be made between the 
curves for 525 ksi  (170 MN/m2) and for  +25/-40 ksi  (+170/-275 MN/m2). 

2 

Tensi le and Compressive Creep Rates 

This program has permitted a comparison of creep rates under conditions of equal 
tensile and compressive s t resses .  One of the more significant findings is that the dif- 
ference in tensile and compressive creep rates is strongly material  dependent. It was 
found that the ratio of the average compressive-to-tensile creep rates  for L-605 is 
about 0.1;  but for the titanium alloy, the ratio is 1.0. 
for the partially annealed 316 stainless steel. The creep rates in this case were meas- 
ured at zero  diametral s t ra in  (corresponding to points such as D and G in fig. 1) and, 
hence, at a point where the t rue s t r e s ses  are exactly equal for equal tensile and com- 
pressive loads. A large s t ra in  range of 9 percent was used in this case to ensure that 
the creep rates reached in passing through the zero  s t ra in  point were approaching steady- 
state creep conditions. The ratio of compressive-to-tensile creep rates was approxi- 
mately constant at a value of about 0 .4  throughout the entire test .  This is consistent 
with an average value of 0 .4  for  the ratio of the time spent under tensile s t r e s s  to  the 
t ime spent under compressive stress for  all the other completely reversed s t r e s s ,  cyclic 
creep-rupture tests performed on both the partially and fully annealed 316 stainless 
steels. 

Figure 10 shows some results 
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SUMMARY OF RESULTS 

In a paper by S. Manson, G. Halford, and D. Spera to  be published in the A. E. 
Johnson Memorial Volume (A. S. Smith, ed. ; Elsevier Publishing Company Ltd. ), a 
new material  characterist ic called the cyclic creep-rupture curve was proposed as a 
valuable aid in the analysis and prediction of high-temperature, strain-cycling life. A 
cyclic creep-rupture curve was generated by plotting the tensile stress as a function of 
the pure tensile time-to-rupture obtained from a completely reversed cyclic creep- 
rupture test. Limited data available at the t ime suggested that the cyclic creep-rupture 
curve might be independent of the magnitude of the range of s t ra in  and the compressive 
creep stress level employed. An experimental program was therefore initiated and spe- 
cifically directed toward answering the question of its dependence, o r  lack thereof, on 
these two variables. Tests  were conducted with the titanium alloy 6A1-2Sn-4Zr-2Mo at 
900' and l l O O o  F (755 and 865 K), with the cobalt-base alloy L-605 at 1180' F (910 K), 
and with 316 stainless steel at 1300' F (980 K) for  two hardness levels. 

The following major results were obtained: 
1. The cyclic creep-rupture curves lie above and to  the right of the conventional 

(constant load), monotonic curves by factors ranging from 2 to  20 in rupture time. This 
factor is large when the monotonic creep-rupture ductility is large. 

constant and independent of the practical ranges of s t ra in  considered. 

approximately independent of the compressive stress employed in the cyclic creep - 
rupture tests. 

4. The creep rates in tension f o r  a given tensile stress were highest when the com- 
pressive stress was lowest. However, the creep rates  in compression for a given com- 
pressive s t r e s s  were independent of the tensile stress level. 

5. For an imposed total s t ra in  range, the number of cycles to failure could be varied 
significantly depending on the selected combination of tensile and compressive s t resses .  

6. During all the cyclic creep-rupture tes t s ,  the creep rates  in both tension and 
compression increased with applied cycles. This behavior was most pronounced when 
the cyclic creep s t resses  were high and when the tensile and compressive stresses were 
completely reversed. 

the differences depended on the material. 

2. The pure tensile time-to-rupture for  a given tensile s t r e s s  was approximately 

3. The pure tensile time-to-rupture for a given tensile s t r e s s  was found to  be 

7. Compressive creep rates  were generally lower than the tensile creep rates, but 
For L-605, the ratio of compressive creep 
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rate to  tensile creep rate was approximately 0.1. The same ratio for the stainless 
steels was approximately 0.4; and f o r  the titanium alloy the creep rates were nearly 
equal, resulting in a ratio of 1.0. 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, January 7, 1971, 
129-03. 
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20. 5x103 
20.5 

1 4 0 ~ 1 0 ~  
140 

Compressive Cycles to  Pure  fatigue Tota l  t ime-  Tensi le  t ime-  
stress I 1  fa i lure ,  life, I to-rupture ,  I to-rupture ,  

P u r e  tensile 
t ime -to- 

TABLE I. - ELEVATED-TEMPERATURE, SHORT-TERM, TENSILE PROPERTIES 

Xeduction 
of a r e a ,  
percent 

57 
59 

47 

54 
64 

remperature  Elastic modulus, 
E 

Poisson's 
ratio 

0. 32 
. 32 

0 .27  

0. 30 
. 30 

Ultimate 
tensile 

strength, 

T r u e  
ductility, 

D 

Coefficients 

Do.6 3 .5  a;/I 

3.91 0.030 
.94 ,032 

0.77 0.014 

0.85 0.0078 c 1.14 .0097 

Material 
- 

O F  

900 
1100 

1180 

1300 
1300 

K 

755 
86 5 

910 

980 
9 80 

ksi MN/m2 1 

ksi 

110.0 
94.0 

96.5 

45.5 
56. 5 

5N/m2 

760 
6 50 

665 

315 
390 

1 2 . 7 ~ 1 0 ~  
10.4 

2 5 . 0 ~ 1 0 ~  

8 7 . 5 ~ 1 0 ~  

1 7 0 ~ 1 0 ~  

72 
0. 85 

.90 

0.64 

~~ 

0.77 
1.02 

Titanium alloy 
6A1-2Sn-4Z r-2Mo 

Cobalt -base alloy 
L-605 

316 Stainless s teel :  
Fully annealed 
Partially annealec 

TABLE II. - MONOTONIC AND CYCLIC CREEP-RUPTURE RESULTS FOR 

TITANIUM ALLOY 6A1-2Sn-4Zr-2Mo 

specimen 

ATT-69 
AT-51 
AT-53 

ATT-5 
ATT-22 
ATT-6 
ATT-3 
ATT-72 
ATT-21 
ATT-8 
ATT-29 
ATT-14 
AT-52 
AT-54 
AT-55 
AT -62 
AT-57 

'otal s t r a i n ]  Tens i le  s t r e s s  
range,  
percent  

4 . 0 5  
(4 
(a) 

3.90 
3. 96 
3.90 
3.96 
3.92 
3 .90  

1 
(a) I 

I ( e 2 ( 2 ) )  I hr 1 
T e s t  tempera ture ,  900' F (755 K) 

rupture ,  
h r  1 h r  

95.0 
_--- 

3 80 
_--  
_--  

95.0  
95.0 
90.0 

655 
655 
620 

Tes t  tempera ture .  l l O O o  F (865 K) 

1. 89 
11.16 

8. 90 
48. 80 
16.96 
53.94 
52.90 

234.5 
233.8 

2 . 1  
5 .0  

26.4 
265.0 

1373.0 

80.0 
77.2 
75.0 
71 .4  
70.0 
62. 5 
60.0 
52.0 
50.0 
70.0 
60.0 
45.0 
25.0 
15.0 

80.0 
60. a 
75.0 
55 .0  
70.0 
62 .5  
60.0 
52.0 
50.0 
_--- 
_--- 
---_ 
---- 
-_-_ 

550 
420 
515 
380 
485 
4 30 
415 
360 
34 5 
--- 
--- 
__-  
--- 
--- 

l o  1 
87 
80 
93 

151 
72 

155 
108 
147 

550 
530 
515 
490 
485 
430 
415 
360 
34 5 
485 
415 
310 
1 I O  
105 

1 . 0 9  
3.02 
5.12 

20.10 
12.90 
30.80 
54.00 

170.0 
190.5 

------- 
--I_--- 

- - - - - - - 
- - - - - - - 
- - - _ - - - 

0.82 
2 .34  
4.10 

15.40 
8. 15 

25.24 
33.00 

124 .0  
120.5 

2 . 1  
5.0 

26.4 
265.0 

1373.0 

k o n o t o n i c ;  constant load. 
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TABLE JII. - MONOTONIC AND CYCLIC CREEP-RUPTURE RESULTS FOR 

COBALT-BASE ALLOY L-605 AT 1180' F (910 K) 

?u re  fatigue 
l ife,  

Nf 
(es.  (2)) 

810 
780 
810 

5800 
810 

_ - _ _ _  
----- 
-_ - - -  
----- 

'otal t ime  - 
.o-rupture,  

h r  

1. 87 
2 .34  

29. 5 
42.0 

196 .0  
1 . 4  
1 . 7  
9. 6 

10. 8 

r ensi le  t ime - 
to-rupture ,  

h r  

0.194 
.635  

1 . 6 7  
4.34 

15.2 
1 .4  
1 .7  
9.6 

10 .8  

Ju re  tensilc 
t ime -to- 
rupture ,  

h r  

0.199 
.645 

- 

1.69 
4 .35  

15. 3 
_- -___  
_ _ _ _ _ _  
- -__-_  
_ - -___  

Tensi le  s t r e s s  Compressive 
stress 

Cycles to 
fa i lure ,  

N 

202 1 

4 
2; 

12 

17 

--- 
- -_  
--- 
-_-  

Specimer rota1 s t r a i r  
range,  
percent k s i  MN/m2 - 

k s i  

83 .7  
72.2 
75.0 
70.0 
65.0  
_-_- 
_ _ _ -  
__--  
---- 

VIN/m2 

575 
500 
515 
485 
4 50 
__-  
--- 
_-- 
_ - _  

ZZ-75 
ZZ-60 
ZZ-92 
ZZ-73 
z z - 7 4  
ZN-12 
ZN-11 
ZN-13 
ZN-15 

2.00 
2.04 
2 .00  

.90  
2 .00  

(a) 

1 

83. 7 
77 .3  
75.0 
70.0 
65.0 
75 .0  
70.0 
65.0 
60.0 

575 
535 
515 
485 
450 
515 
485 
450 
415 

k o n o t o n i  c ; const ant load. 

TABLE IV. - MONOTONIC AND CYCLIC CREEP-RUPTURE RESULTS FOR PARTIALLY 

ANNEALED 316 STAINLESS STEEL AT 1300' F (980 K) 

rota1 t ime - 
to- rupture  

h r  

0.230 
. 366 

6.00 
11 .33  

134 .4  
13.6 
30.0 

215 .8  
1 .00  
3 .33  

11 .6  
. 453  

4 . 6 8  

Cycles tc 
fai lure ,  

N 

33 
118 

52 
120 
85 
30 

113 
90 

--- 
- -_  
--- 
_ _ _  
--- 

Tensile t ime-  
to-rupture  , 

h r  

0.115 
. 183 

1.71 
1 . 5 3  
5.79 
6 .17  

10.17 
60.6 

1.00 
3.33 

11.6 
. 453  

4.68 

h r e  tensilc 
t ime-to- 
rupture ,  

h r  

0. 132 
,205  

2 .13  
1. 72 
8. 37 
6 .95  

11 .25  
90.2 
------ 
------ 
----__ 
-_--_- 
------ 

jpecimer rota1 s t r a i r  
range, 

percent 

Compressive 
s t r e s s  

Tensi le  stres: 

ks i  MN/m2 

34 5 
34 5 
310 
310 
275 
275 
275 
22 5 
275 
275 
220 
340 
275 

ks  i 
~ 

50.0 
50.0 
45.0 
45.0 
30.0 
40.0 
40.0 
32. 5 
---- 
---- 
_-__ 
_ _ _ -  
_--- 

~~ 

YY-111 
YY-110 
YY-51 
YY-135 
YY-138 
YY-136 
YY-133 
YY-141 
YY-27 
YY-28 
YY-36 
YY-26 
YY-32 

50.0 
50.0 
45.0 
45.0 
40.0 
40.0 
40.0 
32. 5 
40.0 
40.0 
32.0 
49.3 
40.0 
~ 

345 
34 5 
3 10 
310 
20 5 
275 
275 
22 5 
--- 
_-- 
- _ _  
- -- 
_ - _  

4.09  
1 .94  
4.09 
1 .95  
4 . 0 5  
4.09 
1 .95  
4 .05  

(a) 
( 4  
(4 
(b) 
(b) 

hono ton ic ;  constant load. 
bMonotonic: constant t r u e  s t r e s s .  
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V 

Specimen 

AYY - 1 10 
AYY-153 
AYY-140 
AYY-145 
AYY-161 
AYY-103 
AYY-129 
AYY-153 
AYY-127 
AYY-152 
AYY-108 
AYY - 102 
AYY-96 
AYY-167 
AYY-160 
AYY-162 
AYY-101 
AYY-130 
AYY-119 
AYY-151 
AYY-155 
AYY-139 
AYY-159 
AYY -150 
AYY-136 
AYY-99 

AY-1 
AY -2 
AY-3 
AY-5 
AY -4 
AY-6 
AY-7 

TABLE V. - MONOTONIC AND CYCLIC CREEP-RUPTURE RESULTS FOR FULLY 

ANNEALED 316 STAINLESS STEEL AT 1300' F (980 K) 

Tensi le  s t r e s s  

ks i 

25 .0  

1 
1 

30.0 

35.0 

I 
1 

40.0 

30.0 
30.0 
35.0 
25 .0  
30.0 
35.0 
35.0 
2 8 . 3  
25 .0  
20.0 
17.0 
1 5 . 0  
1 4 . 0  
1 1 . 7  

MN/m2 

170 I 
I 205 

240 

1 
1 

275 

20 5 
205 
240 
170 
205 
240 
240 
195 
170 
140 
120 
105 

95 
80 

Compressive 
s t r e s s  

ksi  

25.0 
30.0 
35.0 
10.0 
15.0 
25.0 
30.0 
35.0 
10.0 
10.0 
15.0 
30.0 
35.0 
10.0 
15.0 
30.0 
35.0 
10.0 
45.0 
30.0 
40.0 
35.0 
35.0 
30. C 
35. c 
- - _ -  
-_-. 

- _ _ _  
_ - _ _  
-_ -_  
- _ _ _  
_ _ _ _  
_ - -_  

IN/m2 

170 
20 5 
240 
275 
310 
170 
205 
240 
275 
275 
310 
205 
240 
275 
310 
205 
240 
275 
310 
205 
275 
240 
2 40 
205 
240 
--- 
_- -  
-_ -  
- - -  
_ - _  
_ _ -  
_- -  
-__  

:ycles to 
fa i lure ,  

N 

41 
37 
18  
12 

7 
86 
98 
21 
15  
15 
8 

94 
100 
25 
12  

100 
130 
130 

18 
285 

38 
39 5 
275 

1330 
1150 
_- -_  
_--- 
- -__  
_- -_  
_ - _ -  
_- - -  
---- 
_- - -  

'otal t ime-  
o-rupture,  

h r  

299.2 
259.0 

96.0 
121 .9  

75. 8 
479.0 

58.0 
35 .4  
30.8 
33. 9 
22.4 
90.4 
17. 4 
6 . 0 8  
9 .27  

66.97 
11.60 
4.22 
1 . 5 8  

93.7 
21.4 
16.7 
88. 6 
37. 5 

9 .21 

7 .87  
,434  

30.6 
111.1 
362.4 
848.3 

1184.0 
3408.0 

'ensile t ime - 
to-rupture ,  

h r  

151.8 
187.4 
90.2 

120.0 
72 .7  
30.0 
13.6 
30. 8 
30. 5 
33. 3 
22.2 

1. 71 
3.44 
4. 41 
8 .49  

, 6 7 5  
. 52 
. 50 

1 . 2 0  
36.1 
2 1 . 3  

88.4 
1 9 . 3  

1 .95  

2 . 8 9  
,434  

7. 87 
30.6 

111 .1  
362.4 
848 .3  

1184.0 
3408.0 

lure tensile 
t ime-to-  
rupture ,  

h r  

194.0 
234.0 
100.0 
128.2 

75. 5 
55.3 
28.4 
34 .7  
33.1 
35.1 
23. 2 

3.92 
7. 36 
5.09 
9 . 0 7  
1.44 
1 . 6 9  
1 .62  
1 . 3 3  

50. 3 
22.2 

3. 15 
95 .2  
26. 1 

3. 75 
- - - - - - - 
- - - - - - - 
- - - - - - - 
- - - - - - - 
- - - - - - - 
- - - - - - - 
- - - - - -_ 
- - - - - - - 

aMonotonic: constant load. 

17 



Stress 

Strain 

Stra in  

G 
Figure L - Cyclic creep-rupture tes t  
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(b) Cobalt-base alloy L-605; test temperature, 1180" F (910 K). 

Figure 2. - Creep-rupture curves. 
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(c) Partially annealed 316 stainless steel; test temperature, UM)" F (980 K). 
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(d) Fu l l y  annealed 316 stainless steel; test temperature, 1300" F (980 K). 

Figure 2. - Concluded. 
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I Extremes of data 

of test resul ts in average 
Numbers in parentheses denote number 

Stress 

t 

%train range, I a percent 1 b a s 4  1 
b--- 17 4 

4 - 

4 Stra in  

Figure 3. - Cyclic creep-rupture tests at  various s t ra in  ranges. 

T 
1 

(a) Fu l l y  annealed 316 stainless steel 

---4 45 (310) . -  e---- 

Total s t ra in  range, percent 

(b) Partially annealed 316 stainless steel. 

Figure 4. - Approximate independence of pure  tensi le t ime- 
to-rupture relative to total strain range. Test tempera- 
ture, UOO" F (980 K). 
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Stress 
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Stra in  

Figure 5. - Cyclic creep-rupture tests wi th  dif ferent compressive stresses. 

Tensile 

40 (275) ~ -T---y-- 
1 --I 
25 30 35 40 45 50 

Compressive stress, ks i  

I 
200 250 300 

Compressive stress, MN/m2 

Figure 6. - Approximate independence of pure tensi le time-to- 
rupture wi th  respect to compressive stress for f u l l y  annealed 
316 stainless steel. Test temperature, UOO" F (980 K); total 
s t ra in  range, 4 percent. 
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Compressive stress, ks i  
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Figure 7. - Effect of compressive stress on  tensi le creep rate at ten- 
sile stress of 35 ks i  (240MN/m2) for f u l l y  annealed 316 stainless 
steel. Test temperature, 1300" F (980 K); total strain range, 
4 percent. (Creep rates measured at 10cycles. 1 
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Figure 8. - Effect of tensi le stress o n  compressive creep rate at com- 
pressive stress of 35 ks i  (240MN/m2) fo r  f u l l y  annealed 316 stain- 
less steel. Test temperature, UOO" F (980 K); total s t ra in  range, 
4 percent (Creep rates measured at 10 cycles. 1 

23 



lo5F 

c 0 
4 c 

I 
w 4 

M 

P Tensile 
stress, 

ks i  (MN/m2) 
*40 (275) 

P 
d 

0 Rupture 

r- *25 1170) 
I- 9 

+25/-40 (+ 1701-275) 

1 
ld Id 10-1 

10 
Applied cycles 

Figure 9. - Creep acceleration dur ing  cyclic creep-rupture testing 
of f u l l y  annealed 316 stainless steel. Test temperature, 1300" F 
(980 K); total strain range, 4 percent 

600 

L . c -  
c 
K 
0) u 
L 
al n 

=- 100 - 

2 -  al 

- .- z 
c 80 - 
N 

Z 6 0 -  
m -  L 

n 
L 40 - 

0) 
I 

0) 0) 

V 

- 

0 Rupture 

/ 20 - 

/A 

1 2 4 6 8 10 20 25 
Applied cycles 

Figure 10. - Creep acceleration dur ing  cyclic creep-rupture testing of partially an-  
nealed 316 stainless steel. Test temp rature, UOO' F (980 K); total strain range, 
9 percent; stress, k 4 5  ksi (310MNlm 9 1, 
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